Abstract Decreasing the constriction size and residence time in hydrodynamic cavitation is predicted to give increased hot spot temperatures at bubble collapse and increased radical formation rate. Cavitation in a 100 9 100 lm 2 rectangular micro channel and in a circular 750 lm diameter milli channel has been investigated with computational fluid dynamics software and with imaging and radical production experiments. No radical production has been measured in the micro channel. This is probably because there is no spherically symmetrical collapse of the gas pockets in the channel which yield high hot spot temperatures. The potassium iodide oxidation yield in the presence of chlorohydrocarbons in the milli channel of up to 60 nM min -1 is comparable to values reported on hydrodynamic cavitation in literature, but lower than values for ultrasonic cavitation. These small constrictions can create high apparent cavitation collapse frequencies.
Introduction
Cavitation is the growth and collapse of a gas bubble in a liquid (Leighton 1994) . The characteristic collapse time is much shorter than the characteristic time for heat transfer. High temperatures and pressures are therefore reached inside the bubble due to compression (Didenko and Suslick 2002; Rae et al. 2005) . Estimations for the temperature and pressure during a collapse in ultrasound are generally around several 1,000 K (McNamara et al. 1999; Hilgenfeldt et al. 1999 ) and several hundred bar (Kamath et al. 1993) . Applications of cavitation are e.g. making surface modifications (Suslick and Price 1999) , creating radical species (Mason 1990) , or mixing liquids (Marmottant et al. 2006 ). The energy of the collapse is dissipated after the event, and the average liquid temperature stays at ambient values. Common ways to create cavitation are with ultrasound, in a hydrodynamic flow field, and with a focussed laser burst. The pressure in a flow field decreases between a point before a constriction (1) and inside a constriction (2), and is described by Bernoulli's equation:
where p is the pressure, q is the liquid density, and v is the liquid velocity. A cavitation bubble is generated when the pressure decreases to a sufficiently low value to generate growth of an existing gas pocket in the liquid.
The dimensionless cavitation number (CN) is often used to characterise cavitation:
where p ref is the reference pressure, often the downstream pressure, p v is the liquid vapour pressure, and v c is the liquid velocity inside the constriction. The CN is the ratio between the static pressure and the pressure drop due to the flow through the constriction. Theoretically, the liquid velocity is sufficient to start forming vapour at CNs below 1. Nuclei already present in the liquid can grow under these conditions. However, the experimental CN value at inception depends on constriction size and geometry. Cavitation starts at CNs of 1-7 in constrictions with diameters of 1.5-3 cm in a 3.8-cm diameter pipe (Yan and Thorpe 1990) . It starts at CNs of 0.1-0.5 in 10 9 100 to 40 9 100 lm 2 constrictions in 100 9 100 lm 2 channels (Mishra and Peles 2005c; Singh and Peles 2009) . Since the CN is not consistent for different geometries, pressures and velocities have been provided instead in this article when known.
Ultrasound-induced cavitation is regarded as the most energy efficient process for radical formation (Suslick et al. 1997; Braeutigam et al. 2009; Franke et al. 2010) . Ultrasonic cavitation at 850 kHz has a 14 times higher breakdown efficiency of aromatic compounds than hydrodynamic cavitation (Braeutigam et al. 2009 ). However, several authors report that hydrodynamic cavitation (HC) has a higher energy efficiency (Gogate et al. 2001; Gogate 2010; Kalamuck and Chahine 2000) . These studies use ultrasonic cavitation processes at ultrasound frequencies around 20 kHz, whereas the optimum radical production frequency is found around 300 kHz (Wayment and Casadonte 2002; Beckett and Hua 2001) .
Decreasing the constriction diameter in hydrodynamic cavitation is desirable because this decreases pressure recovery time and increases the intensity of the cavitation bubble collapse. This results in increased temperatures and radical formation rates (Arrojo and Benito 2008; Braeutigam et al. 2010; Amin et al. 2010) . Micro fabrication technology offers high precision manufacturing of channels with dimensions in the micrometer range. These channels are easily studied and have small constrictions compared to previous and recent work in hydrodynamic cavitation Gogate et al. 2001) . It has been shown that by a miniaturisation strategy in sonochemical reactors it is possible to study complex phenomena such as microbubble nucleation and improve operation efficiency (Fernandez Rivas et al. 2010) . The relatively smooth silicon surfaces used there allowed the control of certain cavitation conditions. In this work, cavitation in constrictions with an area of 20 9 100 lm 2 in channels of 100 9 100 lm 2 and constrictions of 100-300 lm diameter in tubes with a diameter of 750 lm has been investigated. Cavitation behaviour at various flow rates has been studied in channels at both size scales. Pressure gradients and void fractions in the fluid have been obtained by computational fluid dynamics (CFD) modelling. These pressure gradients have been used to calculate the temperature of a bubble collapse using the Rayleigh-Plesset equation. Apparent frequencies for bubbles travelling through constrictions with a 200 lm diameter are of the same order of magnitude as frequencies in ultrasonic cavitation for the milli channel (160 kHz). Estimations of the collapse temperature are compared with the results on an oxidation reaction carried out by cavitation in the milli channel. This is the first time that radical production rate measurements of hydrodynamic cavitation at these length scales are carried out according to our knowledge.
Experimental

Micro channel experiments
The micro channel design was similar to that of Mishra and Peles (2005a) , see Fig. 1 . The channel and pressure ports geometry were etched on the top side of the double side polished silicon wafers n-type {100} using a deep reactive ion etching process. The pressure port openings, and the inlet and outlet ports were machined on the back side. The top wafer was made of borofloat glass to allow visual inspection. The channel width and depth was 100 lm, and its total length was 1 cm. The constriction width and length was 20 and 10 lm, respectively. A liquid flow rate of 0.5-6.5 mL min Plus pump with a filter with 1 lm pores between the pump and the micro channel. The pressure was measured relative to the atmospheric pressure at 460 lm downstream of the constriction using a calibrated Sensortechnics sensor, 24PC series 0-16 bar. An Olympus IX-71 microscope with an Olympus UplanFLN 10 9 lens and a Redlake X4 high speed camera was used for visualisation, using a Nikon SB900 flash light at full flash length as an illumination source. The exposure time was 1 ls for one frame. MilliQ water was used in visualisation studies. MilliQ water (20 mL) containing 0.1 M KI (p.a., Merck) and saturated with CH 2 Cl 2 (p.a., Sigma-Aldrich) was used in radical production experiments. The chloroalkane was added to increase the radical production (Chakinala et al. 2008) . Saturation with argon was done during 30 min prior to the experiment. The solution was kept under argon atmosphere during the experiment. The production of I 3 -was measured at the experiment start, and after 60 min using a Shimadzu 2501-PC UV spectrometer operated at 350 nm. The I 3 -concentration was calculated using a spectroscopic extinction coefficient of 26.4 9 10 3 L mol -1 cm -1 (Palmer et al. 1984) .
Milli channel experiments
A poly(ether ether ketone) (PEEK) capillary with an internal diameter of 750 lm was inserted in a poly(methyl methacrylate) (PMMA) holder with a constriction of either 110 or 180 lm diameter in visualisation studies (see Fig. 2 ). The transparent PMMA holders with a constriction allow visual inspection inside the constriction. The PMMA constrictions were slightly skewed due to the machining process, the diameters mentioned were measured at the constriction exit. Visualisation was done using a Redlake X4 high speed camera, a Nikon AF micro Nikkor 60 mm lens, and a Dedocool CoolT3 250 W lamp as an illumination source. The exposure time was 1 ls for one frame. The exit stream enters a 8 9 4 9 5.2 mm 3 chamber machined in PEEK with two transparent quartz plates on the top and bottom. A 7-80 mL min -1 (v c 5-59 m s -1 ) liquid flow was created by a Gilson 305 HPLC pump with a 0-100 mL min -1 capacity. The pressure was measured relative to atmospheric pressure at 2.8 cm downstream of the constriction using a calibrated Sensortechnics 24PC series 0-16 bar sensor. MilliQ water was used in visualisation studies. PEEK holders with straight 100, 200, and 300 lm diameter constrictions were used in radical production experiments. The solution was kept at 20 ± 1°C using a Lauda E300 thermostat. KI solution (20 mL 0.1 M, p.a., Merck) saturated with CHCl 3 (p.a., Aldrich) was saturated with argon for 30 min prior to the experiment, and was kept under argon atmosphere during the experiment. The production of I 3 -was measured every 5 min. The power input measured by calorimetry was between 2 and 14 W depending on the flow rate.
Modelling
CFD modelling with simplified Rayleigh-Plesset model
All channel geometries have been modelled and meshed with ICEM Hexa release 11.0.1 software. They have been spatially discretised using a structured hexa mesh (see Table 1 ). Only a quarter of the channel has been modelled due to the presence of two symmetry planes. Several refinements have been modelled in order to evaluate the grid dependency. The channels have a refined mesh in the constriction (see Fig. 3 ) because most vapour is formed in the constriction. The steady state flow field has been obtained using the CFD software ANSYS CFX release 11.0. This software solves the time averaged Reynolds Averaged Navier Stokes equations (RANS). The closure of the equation system has been realised with a shear stress transport (SST) turbulence model with an automatic near-wall treatment (Esch and Fig. 2 Schematic drawing of the milli channel assembly. A holder with the constriction is machined in PMMA or PEEK (1). The rest of the assembly is manufactured in PEEK. The holder is inserted into the chamber (2), and fixed using a second block (3) which contains the inlet port. The top and bottom of the chamber are made of transparent quartz plates (4) for illumination (Mishra and Peles 2005c) .
where p v is the vapour pressure, p[t] is the pressure as a function of time, q l is the liquid density, p thresh is the threshold pressure for growth of the cavitation bubbles. Average vapour fractions are calculated from the total bubble volume. Vaporisation and condensation rates at the bubble interface were described using:
where _ m is the mass accumulation in time, and where the empirical factors F cond and F vap and the initial void fraction e 0 shown in Table 2 were used. The value of p thresh was chosen to match the Blake threshold criterion (Leighton 1994) for bubbles with an initial radius R 0 of 1 lm. The mass, momentum, and void fraction equations were solved in a coupled manner to improve convergence. RMS values for mass and momentum were well below 1 9 10 -4 and imbalances below 1%.
These equations omitted second order terms in the Rayleigh-Plesset equation. Therefore, a full RayleighPlesset description was solved separately using the pressure gradients obtained from the CFD calculations as an input (Alehossein and Qin 2007) .
Full Rayleigh-Plesset model
The radius R, pressure p, and temperature T of an oscillating bubble under influence of a pressure field has been modelled with a Rayleigh-Plesset equation (Hilgenfeldt et al. 1999) .
The Péclet number, Pe, is defined as
; c l is the speed of sound in the liquid, 1,500 ms -1 , g l is the liquid viscosity at 298 K, 0.00089 Pa s, r is the liquid surface tension, 0.072 N m -1 , and h is the minimum bubble radius, R 0 / 8.84 for argon (Löfstedt et al. 1995) . The adiabatic factor c is dependent upon the Péclet number:
(b) (a) Fig. 3 Quarter mesh geometries of a the micro channel (symmetry plane at the bottom and right of the image) and b the milli channel (symmetry planes at the top and right of the image). The number of nodes for each boundary are indicated in the image 
Results and discussion
Micro channel
A pressure drop of 13 bar over the micro channel constriction is obtained in CFD calculations at a flow rate of 4 mL min -1 . The formation of a vapour phase in the constriction and downstream is shown in Fig. 4b . The model shows a quick transition between a vapour volume fraction below 0.2 downstream at flow rates below 3 mL min -1 and cavities with a vapour fraction above 0.8 at flow rates above 3 mL min -1 (v c 25 ms -1 ). This behaviour is linked with the low pressure region extending from the constriction to the channel downstream of the constriction at these flow rates.
The experimental results obtained by Mishra and Peles (2005a, b, c) in micro channels have been reproduced in a set-up without downstream pressure control. The measurements described in this paper are all performed in the developed cavitation regime. A typical image of hydrodynamic cavitation is shown in Fig. 4c . A gas phase is formed near the constriction. The liquid leaves the constriction as a jet. Liquid-gas mixtures are visible as dark regions. The region with the gas-liquid mixture becomes longer as flow rate increases. The gas phase disappears after a length of several channel diameters at a position depending on the flow rate. Part of the jet forms a recirculation loop. Just after the constriction, a stable gas pocket ). The solver pressure drops from 10.8 bar upstream to -2 bar downstream, and increases to the ambient pressure of 1 bar close to the channel exit. A liquid jet in the channel centre, accompanied by a large region with a void fraction of over 0.6 is found downstream of the constriction. The minimum solver pressure of -4.4 bar is found near the beginning of the constriction and near the wall. The experimental image shows a liquid jet originating from the constriction. The pressure upstream is 8.9 bar, the pressure at the pressure port is 0.5 bar. A semi-cylindrical vapour pocket which fills the channel from top to bottom is visible just after the constriction. A dark region probably formed by vapour nuclei of sufficient size for discoloration is visible. After about 300 lm, the cavities break up and disappear. There is no flow through the pressure port Microfluid Nanofluid (2012) 12:499-508 503 is observed. Spherical oscillation and collapse of gas bubbles is not apparent in the images. The calculated downstream pressure at the pressure port is 0.15 bar. This is in reasonable agreement with the experimental value of 0.5 bar. There is a long pressure recovery region of 625 lm behind the constriction. It induces an excessive growth of the bubbles. The calculated void fraction profile qualitatively agrees with the experimental one. CFD calculations describe non-local phenomena such as the jet and average void fraction fairly well. The local phenomena such as the turbulent collapse of the vapour are not modelled in this approach with symmetry planes and steady state.
Excessive vapour formation occurs at the channel walls with liquid pressures close to the vapour pressure in case a surface nucleation term is included in the model. This does not match experimental observations and therefore the surface nucleation term has not been used in further calculations. The residence time and pressures obtained inside the constriction are sufficient to obtain growth of the nuclei. The surface tension delays the cavitation of a filtered liquid because growth of smaller bubbles needs a larger force than that of larger bubbles. Surface tension is not included in the cavitation model but its effect on the vapour formation can be modelled by lowering the pressure threshold for cavitation in Eq. 3.
No measurable conversion has been observed in potassium iodide oxidation in the micro channel. Either there is no collapse with a hot spot, or the reaction is not sensitive enough to quantify the radical production. The bubble growth is excessive, filling the entire channel at some places. This prevents spherical collapse and high hot spot temperatures. Calculations with the full Rayleigh-Plesset model yield maximum bubble sizes which exceed the channel dimensions and are not suitable to estimate hot spot temperatures. Further experiments have therefore been carried out in a milli channel.
Milli channel
A ring of vapour is formed near the wall of the constriction as predicted by CFD calculations in the milli channel. Afterwards, the vapour is released into the chamber. The vapour volume fraction downstream of the constriction remains below 0.2 so no excessive bubble growth is expected in the chamber at any flow rate studied. The pressure recovery takes place inside the constriction which differs from microscale where the pressure recovery is observed downstream of the constriction (see Fig. 6a for examples).
Cavitation has been observed in the milli channel at relatively low flow rates of 7 mL min -1 (v c 12 m s -1 ) in the 110 lm PMMA constriction with p DS = 1.1 bar, and a flow rate of 14 mL min -1 (v c 9 m s -1 ) in the 180 lm PMMA constriction with p DS = 1.3 bar. The shape of the vapour pockets is similar at all flow rates measured. Fig. 5b shows a typical image of cavitation at a flow rate of 60 mL min -1 (v c 39 m s -1 ). Long gas pockets that extend over the entire length of the constriction are formed in the beginning of the constriction. These gas pockets are transparent and stable over time. The two-phase flow in the chamber forms a dark mist flow at flow rates around 30 mL min -1 (v c 20 m s -1 , not shown. A mist flow is visible in Fig. 5b on the right side of the image). The mist flow likely comes from the many small nuclei that have grown to visible size in and just after the constriction. The many bubbles are observed as a mist because either the bubbles are too small for the resolution of the optics, because not all bubbles are in camera focus, because the light is shielded by the entire cloud of bubbles, due to motion blur, or a combination of these factors. The onset of cavitation can be seen in Fig. 5b , where the stable transparent gas pockets collapse in a turbulent region. Bubbles are ejected from the constriction at low flow rates in Fig. 5c . The features of the two-phase flow are not sharp, either due to motion blur or due to the size of the gas pockets, which may be too small to be resolved with the current set-up. A sharp crackling sound which is connected with the cavitation collapse has been detected at all flow rates mentioned. Visual confirmation of bubble oscillation has not been obtained due to the high flow velocities in the experiments.
The predicted ring of vapour inside the constriction is observed experimentally in Fig. 5b . The distinction between the experimental hydrodynamics of two-phase flow-whether a bubbly flow, or a mist flow is formedcannot be made from the CFD calculations. This is because the model does not consider single bubble interfaces, break-up and coalescence, but volume fractions as continuous variables. The characteristics of the collapse such as the hot spot temperature can not be directly calculated from the CFD calculations as a result. Therefore the full Rayleigh-Plesset Equations 7-9 have been solved for a bubble travelling along a streamline. The maximum temperature is estimated from the corresponding pressure gradients by Eqs. 7-9. The higher the temperature, the more radicals can be formed. An accurate description of the vapour formation is needed to obtain accurate pressure profiles.
In Fig. 6 , the maximum temperature obtained by a bubble traveling along a pressure profile in a 180-lm constriction is reported. The highest temperatures are obtained at the highest flow rate of 90 mL min -1 (v c 59 m s -1 ). This corresponds to the largest pressure drop of 40 bar (from 38 to -2 bar). The first nonlinear collapse yields a temperature of 3530 K. This temperature is high enough for dissociation of chemical bonds in CHCl 3 (Won and Bozzelli 1992) . Calculations using Eqs. 7-10, a sinusoidal sound field with an amplitude of 1.3 bar at a frequency of 20 kHz, and an initial bubble radius of 5 lm yield a maximum temperature of 5000 K. The pressure drop at a flow rate of 30 mL min -1 (v c 20 m s -1 ) is 4.2 bar (from 4.8 to 0.6 bar), which is not sufficient to induce a nonlinear growth and collapse in a nucleus at any size investigated here. The hot spot temperatures obtained in the experiments are lower than those calculated for the single bubble travelling along the channel. This is because the presence of other bubbles distorts the sphericity of the , and an image of the chamber (c) at a flow rate of 20 mL min ). The pressure drop from the beginning to the end of the channel is higher at higher flow rates, and ranges from 0.5-37 bar (a). The constriction is marked by the sharp decrease in solver pressure, it reaches values as low as -2.1 bar, where the higher flow rates reach the lowest pressures. There is a quick recovery of the solver pressure to atmospheric values behind the pressure minimum. Progressively higher collapse temperatures are obtained at increasing flow rates (b) with a maximum of 3100 K at a flow rate of 90 mL min -1 . The collapse is linear and almost isothermal at a flow rate of 30 mL min Microfluid Nanofluid (2012) 12:499-508 505 bubble during collapse, thereby decreasing the hot spot temperature. Radical production rates of up to 60 nM min -1 have been measured in the milli channel with a 200 lm diameter constriction. Radical production increased with increasing flow rates. The 100 lm diameter constriction yields a potassium iodide oxidation rate of 4-10 ± 6 nM min -1 at flow rates between 25 and 35 mL min -1 (v c 44-61 m s -1 ). No radical formation has been measured in the 300 lm constriction at flow rates up to 100 mL min -1 (v c 23 m s -1 ). The maximum yield per unit energy of 5 9 10 -11 mol J -1 at a flow rate of 80 mL min -1 (v c 52 m s -1 ) in the 200 lm constriction is in the same range as oxidation rates measured in other hydrodynamic cavitation experiments for this reaction, 3 9 10 -13 -8 9 10
-11 mol J -1 (Gogate et al. 2001 ), with energy measurements by calorimetry. The calculated values in Fig. 6 match the experimental results in Fig. 7 only qualitatively. At increasing flow rate, an increasing temperature is calculated and an increasing radical formation is measured. On the other hand, there is only a 22 K (0.7 %) difference in temperature between the flow rates of 70 and 80 mL min -1 in the calculations, but a 94 % difference in the potassium iodide oxidation measurements, which is not accounted for by an increase of only 12.5 % in number of passes through the constriction at 90 mL min -1 as compared to 80 mL min -1 . The residence time inside the 200 lm constriction is 6.3 ls. This corresponds to an apparent frequency of the pressure field of 160 kHz, a value comparable to ultrasonic cavitation frequencies. It is therefore likely that discrepancies between hydrodynamic cavitation and ultrasonic cavitation are not created by a difference in frequency (Arrojo and Benito 2008) but by the difference in the pressure profiles perceived by the cavitation bubble. The pressure profiles are mainly governed by channel geometry and cloud formation. Also other factors in hydrodynamic cavitation, such as for example the turbulent break up of the vapour phase, may also affect the total oxidation yield (Moholkar and Pandit 1997) . A higher radical production is expected in less constrained environments than the milli chamber, such as orifice plates with micro constrictions.
The CNs are presented in Table 3 . They depend on the somewhat arbitrary choice of the reference pressure p ref .
The downstream pressure is often used as reference pressure. Cavitation inception is visually detected and is therefore arbitrarily determined. Very small or fast gas pockets may not be detected. The definition of cavitation inception is also inconsistent with the current understanding on how cavitation is initiated. Nuclei are present in the liquid and stabilised by either e.g. wall roughness, dust particles, or other impurities (Crum 1982) . Cavitation is therefore a continuous rather than an instantaneous process. The liquid is filtered to prevent channel blocking in case of experiments with the micro channel. This has an impact on the distribution of nuclei in the liquid. The large distance of the pressure measurement from the constriction in the milli channel (z = 2.8 cm) and the surface roughness of the PMMA constrictions may cause an artificially high CN in these experiments. The reason that size scale effects emerge is caused by lumping the influence of velocity and reference pressure into the CN. The use of the CN as a defining parameter for cavitation is inconvenient when different geometries are compared.
Hybrid geometries with precisely manufactured micro constrictions with an unconfined exit offer opportunities to create high apparent frequencies and high radical ) and a volume of 50 mL. Error bars indicate one standard deviation. The detection limit is defined as three times the standard deviation of the noise of a blank measurement and is 1.1 nM min -1 Table 3 Overview of experimental conditions in the cavitation visualisation experiments in the micro and milli channels, with minimum and maximum values obtained production rates. Also the study of plates with multiple constrictions is of interest since these can also give a higher radical production rate.
Conclusions
Void fraction distributions and pressure gradients in a hydrodynamically cavitating flow in a micro channel and milli channels have been modelled using CFD. Visualisation experiments yield a qualitative agreement with the void fractions obtained in CFD simulations in both size scales. A liquid jet and gas-liquid mixtures are visible in the micro channel, and formation of a bubbly flow or a mist flow in milli channels. The pressure profiles obtained from the CFD calculations have been used to give an estimation of the maximum gas temperature during the collapse using a full Rayleigh-Plesset cavitation model. A maximum temperature estimate of 3100 K at the maximum flow rate of 90 mL min -1 (v c 59 m s -1 ) has been obtained. The real temperature obtained in the experiments is probably lower due to unsymmetrical collapse of the gas bubbles. An oxidation rate of potassium iodide in the presence of chloroform of up to 60 nM min -1 has been measured in the 180 lm diameter milli channel.
